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ABSTRACT 
 
The investigation of mechanical properties of bone, specifically fracture 
properties, is an important aspect of studying bone quality, and can potentially be 
used to predict the risk of bone fracture. In this study, a novel microindentation 
technique, the reference point indentation (RPI) technique, is used to assess the 
mechanical properties of swine femoral cortical bone. This technique uses 
successive indentation cycles to introduce a unique parameter, the indentation 
distance increase (IDI). The IDI is shown to be correlated with fracture toughness. 
Scanning electron microscopy (SEM) imaging is also used to gain insight into the 
microstructural properties of femoral cortical bone. Variations in properties are 
studied as a function of age (i.e. 1, 6, 14.5, and 24 month age groups), gender, 
anatomical position within the femoral cross-section, and loading orientation (i.e. 
transverse versus longitudinal). IDI and mean energy dissipated (MED) values 
decreased significantly with age on both transverse and longitudinal surfaces, 
while stiffness values increased. The transverse surface generally exhibits lower 
IDI, lower MED, and higher stiffness values compared to the longitudinal surface. 
Significant differences in gender are only seen in the 1 month age group, and 
measurements at different anatomical position also differ significantly in 1 month 
and 24 month age groups, but not in 6 month and 14.5 month age groups. SEM 
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images show no signs of osteon formation in 1 month bone samples, while 
comparable amounts of osteons are observed in 6, 14.5, and 24 month age groups. 
We conclude that by inducing microcracks onto the bone surface, the RPI 
technique can provide useful information about fracture properties of cortical 
bone.  
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CHAPTER 1: INTRODUCTION 
 Bone is a complex material whose mechanical properties depend on its 
structure [1, 2], which is in turn influenced by its function [3]. Bone fracture is a 
clinically important phenomenon that has been studied extensively in the past. 
The study of fracture properties of bone is needed to predict the risk of bone 
fracture [4]. Ritchie [5] showed that fracture is actually the result of (a) intrinsic 
damage mechanisms acting ahead of the crack tip and (b) extrinsic damage 
mechanisms acting behind a crack tip. It is widely known that bone tissue 
properties vary significantly with age as well. Numerous studies have reported 
age-related changes in bone density [6-12], elastic modulus [13-16], strength [17-
21], and fracture toughness [22-26]. More specifically, most of these studies have 
shown that bone properties tend to deteriorate at older ages, which underlines the 
importance of adequate assessment of bone strength and susceptibility to fracture.  
 Bone mineral density (BMD) is currently the main factor in the clinical 
assessment of bone strength [27]. Methods such as dual X-ray absorptiometry 
(DXA) and quantitative ultrasound (QUS) are widely used in clinical practice to 
assess BMD [6, 28]. Other techniques used in clinical practice for assessment of 
bone strength include spinal and peripheral quantitative computed tomography 
(QCT/pQCT) [6, 7], quantitative magnetic resonance (QMR) [29], and magnetic 
resonance microscopy (µMR) [30]. However, there is increasing evidence that 
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such techniques are not sufficient for a conclusive, independent prediction of bone 
fracture, and that other factors must be taken into account as well [31-35]. For 
example, Hui et al. [36] showed that age was a stronger predictor of hip fractures 
as compared to bone mass.  
 In addition to BMD, there is evidence that mechanical properties are also 
important in the assessment of bone quality [37]. Various testing methods have 
been used to quantify the mechanical properties of bone, including tensile [38-
41], compression [42, 43], and bending tests [44-46]. These classical testing 
methods provide insight into global mechanical properties. More recently, 
nanoindentation [47-49] and microindentation methods [50-52] have become 
available for studying local properties of bone. Indentation techniques are 
advantageous in the sense that only small areas of the bone are damaged during 
testing, allowing for multiple tests per sample.  
Reference point indentation (RPI) is a novel microindentation technique 
which utilizes successive indentation cycles to provide insight into material 
properties [53-56]. This technique is minimally invasive and requires minimal 
sample preparation. More significantly, RPI can be used in vivo to assess bone 
mechanical properties of living patients [57]. The indentation distance increase 
(IDI), defined as the increase in the indentation distance in the last cycle relative 
to the first cycle, is a unique parameter that can be obtained from the RPI 
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technique. The IDI quantifies bone’s resistance to continuing indentation, and has 
been shown to be higher for bone with degraded mechanical properties [54]. Also, 
Diez-Perez et al. [57] showed that IDI is correlated with crack growth toughness. 
In this study, the RPI technique is used to gain insight into the mechanical 
properties of swine femoral cortical bone. Variations in mechanical properties are 
studied throughout age, gender, anatomical position (within the femoral cross-
section), and loading orientation using the newly developed BioDent™ 
instrument (BioDent™ H, Active Life Scientific, Santa Barbara, CA), the 
successor to the Tissue Diagnostic Instrument. While many studies have focused 
on older ages, this work attempts to quantify susceptibility to fracture at earlier 
growth stages. More comprehensive knowledge of mechanical properties of bone 
at younger ages can prove to be an effective tool in understanding growth trends 
and bone development at higher ages. Also, there are few studies investigating the 
mechanical properties of bone in children, and so this research can contribute to 
an increased understanding of mechanical properties of this cohort. It is 
hypothesized that IDI will vary significantly with age, loading orientation, and 
anatomical position, while no significant difference will exist for gender. 
Moreover, scanning electron microscopy (SEM) imaging is utilized to visualize 
the bone structure and composition, and to gain a better understanding of 
mechanical properties. 
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CHAPTER 2: MATERIALS AND METHODS 
2.1 SAMPLE PREPARATION 
 In this study, a total of four age groups were studied: 1 month, 6 month, 
14.5 month, and 24 month (Table 1). Each sample was taken from the mid-
diaphysis of a separate swine femur. The femurs were obtained from the 
Department of Animal Sciences at the University of Illinois, Urbana-Champaign 
(UIUC), and showed no signs of disease prior to sacrifice. In order to keep the 
femurs fresh, they were wrapped in phosphate buffered saline (PBS) soaked gauze 
after harvesting, and stored at -20o C. Before sample preparation, the femurs were 
placed in the refrigerator and allowed to thaw overnight. Information regarding 
the number of femurs in each age group and their corresponding gender is given 
in Table 1. At higher ages, the authors only had access to two femurs within each 
age group, and the genders were unknown.  
Table 1. Sample distribution: number of samples and sex within each age group 
Age groups Sample quantity/sex 
1 month 3/male, 3/female 
6 month 3/male, 3/female 
14.5 month 2/(gender unknown) 
24 month 2/(gender unknown) 
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Before cutting the bones, they were stripped of soft tissue to ensure that 
only bone was being tested. Subsequently, each femur was marked according to 
the anatomical quadrant: Anterior (A), Lateral (L), Posterior (P), and Medial (M). 
Using a band saw, cylindrical samples were cut from the mid-diaphysis of each 
femur to a height of 25 mm (Fig. 1). The transverse surface is defined by the 
normal parallel to the long axis of the femur, while the longitudinal surface is 
defined by the normal perpendicular to the long axis. 
The BioDent™ machine is mainly designed for in vivo indentation testing, 
which does not require polishing of any sort. However, for bone samples used in 
this study, the transverse surfaces were polished to eliminate any possible damage 
from cutting. Both transverse surfaces (top and bottom) were polished using 
silicon carbide abrasive paper with P180 and P1200 grit size. Afterwards, all 
samples were wrapped in PBS-soaked gauze and stored at 4oC  until testing time. 
All samples were tested within 24 hours of thawing.
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2.2 MICROINDENTATION INSTRUMENT  
The BioDent™ instrument (which was called the tissue diagnostic 
instrument and bone diagnostic instrument in previous publications) was 
developed to measure the mechanical properties of bone through a 
microindentation technique [53-56]. In particular, it is capable of measuring 
 
 

25 mm 
Distal Proximal 
Longitudinal Surface Transverse Surface 
 


Figure 1. Cut procedure and surface nomenclature. The anatomical quadrants are 
marked on the bone samples accordingly: A (Anterior), L (Lateral), P (Posterior), 
M (Medial). 
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resistance to fracture [57]. Figures 2A and 2B show the experimental setup for 
indentations on the transverse and longitudinal surfaces, respectively. 
The probe assembly consists of a reference probe and a test probe, which 
moves relative to the reference probe. The reference probe rests on the surface of 
the bone, while the test probe is inserted into the bone to measure mechanical 
properties. The test probe has a diameter of 380 µm with a 90o conical end and a 
tip radius of 25 µm [55]. Hansma et al. suggested an indentation scheme 
consisting of 10 cycles, each of which lasts 500  milliseconds [54]. In each cycle, 
the force is initially increased linearly for 1/3 of a cycle, followed by 1/3 of a 
cycle hold, and completed with a linear decrease of 1/3 of a cycle [54]. The 
purpose of the hold is to monitor creep effects. The test probe advances deeper 
into the bone with each ensuing cycle. These indentations give rise to a load-
displacement curve such as in Fig. 3.  
In addition to the IDI, stiffness is another parameter obtained, which 
measures the average of the slopes of all unloading curves. Mean energy 
dissipated (MED), a measure of hysteresis, is yet another valuable parameter that 
can be obtained from the load-versus-displacement plot. This parameter is 
obtained by calculating the area between the loading and unloading curves, 
averaged across the third to the last indentation cycle. 
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A                                                        B                          
  
 
Figure 2. Experimental setup. (A) Indentation is performed on the proximal transverse 
surface. (B) A clamp is used to secure the bone sample, while indentation is performed on 
the longitudinal surface. 
 
2.3 INDENTATION TESTING 
 For each sample, two main regions of interest were selected for indentation, the 
proximal transverse surface and the longitudinal surface. Within each of these 
regions, four sub-region s were tested, namely the anterior, medial, posterior, and 
lateral quadrants. Therefore, a total of eight sub-regions were indented on each 
sample. On each sub-region, 5-6 indentations were performed to account for 
spatial variability of bone. Indentation positions were equally spaced within each 
sub-region to provide overall representative values. 
 For all samples, 11 N load-controlled indents were applied, which were 
recommended by Hansma et al. [54]. For indentation on the transverse surface, 
the sample was placed on a platform and the probe tip was lowered until it rested 
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on the surface of the bone (Fig. 3A). Also, for longitudinal surfaces, a special 
clamp was used to stabilize the sample and prevent any motion (Fig. 3B). 
Throughout testing, samples were kept moist with PBS.  
 

Figure 3. Representative force-versus-distance plot obtained from RPI instrument. The 
IDI is defined as the increase in the indentation distance in the last cycle relative to the 
indentation distance in the first cycle. 

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2.4 STATISTICAL ANALYSIS 
 To determine statistical significance between means, ORIGINPRO 
(Version 8.5, OriginLab, Northampton, MA) was used to perform one-way 
ANOVA (Analysis of Variance), followed by Tukey tests (p<0.05).  
2.5 SEM IMAGING 
 After testing, each sample was fixed for SEM imaging according to the 
following protocol: Immediately after testing, samples were stored in 3% 
hydrogen peroxide at room temperature for at least 48 hours. They were then 
stored in 5% trypsin solution for at least 48 hours. Dehydration was performed by 
storing the samples in 37% ethanol, 67% ethanol, and 95% ethanol for at least two 
hours, and then storing them in 100% ethanol for at least six hours. Samples were 
stored in HMDS (hexamethyldisilazane) for at least six hours. The samples were 
then left to air-dry, and subsequently placed in a desiccator for a total of at least 
24 hours. Lastly, the samples were mounted on a stub and sputter-coated for 70 
seconds using gold-palladium.  
Backscattered electron images were obtained on the same samples using 
an environmental SEM (FEI company, Philips XL30 ESEM-FEG) at an 
accelerating voltage of 15KV and a spot size of 3.  
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CHAPTER 3: RESULTS 
3.1 MICROINDENTATION TESTING 
Three main parameters were analyzed: 1) IDI, defined as the increase in 
indentation distance between the first and last loading cycle, 2) Stiffness, defined 
as the slope of the unloading curves averaged over all cycles, 3) MED, defined as 
the area between the loading and unloading curves averaged across the third to the 
last cycle. These parameters were compared against age, loading orientation 
(transverse surface vs. longitudinal surface), gender, and anatomical position.  
3.1.1 AGE 
The transverse surface IDI drops by 75% from the 1 month to 6 month age 
group, while no appreciable change is noticed for consecutively higher age 
groups.  The decrease in IDI is more gradual for the longitudinal surface (Fig. 
4A). A similar trend is seen for MED (Fig. 4C), where the drop from the 1 month 
to 6 month age group on the transverse surface is 58.4%. The stiffness, on the 
other hand, shows a more gradual increase with age (Fig. 4B). Also, the 
transverse surface exhibits lower IDI, lower MED, and higher stiffness values 
compared to the longitudinal surface for 6, 14.5, and 24 month age groups. 
Surprisingly, this is not the case for IDI and MED in the 1 month age group.  
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Fig. 4. Changes in IDI, stiffness, and MED with age. (A) IDI decreases significantly on both 
the longitudinal and transverse surfaces with increasing age. In 6, 14.5, and 24 month age 
groups, the longitudinal surface shows higher IDI compared to the transverse surface. (B) 
Stiffness increases with age on both the transverse and longitudinal surfaces. The trends in 
stiffness are more gradual compared to IDI. (C) MED values generally decrease with 
increasing age, and are higher on the longitudinal surface as compared to the transverse 
surface. Error bars denote standard error. 
 
At the   0.05 level, the IDI measured for 1 month bone samples is significantly 
different compared to all other age groups on both the transverse and longitudinal 
surfaces. This is also true for stiffness and MED values on the transverse surface. 
On the longitudinal surface, the statistical difference for stiffness and MED is 
even stronger, where all age groups show pairwise statistical significance except 
between the 14.5 month and 24 month age groups. 
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3.1.2 GENDER 
Differences between male and female bone samples were also 
investigated. The transverse IDI for male samples in the 1 month age group are 
more than twice the female samples (Fig. 5A), and the IDI is statistically 
significant at p=0.05. Male samples in the 1 month age group show higher 
stiffness on the longitudinal surface, while the female samples show higher 
stiffness on the transverse surface (Fig. 5B). Also, male samples in the 1 month 
age group dissipate significantly higher energy on the transverse surface 
compared to their female counterparts (Fig. 5C). For the 6 month age group, 
however, the male and female samples are very similar in terms of IDI, stiffness, 
and MED, and the only existing significant difference is between stiffness values 
on the transverse surface.   
 
3.1.3 ANATOMICAL POSITION 
In the 1 month age group, one specific quadrant shows significantly higher 
IDI on both longitudinal and transverse surfaces, i.e. the anterior and lateral 
quadrants respectively (Fig. 6A). The IDI values for other quadrants are mostly 
similar. Similar behavior is seen for stiffness values (Fig. 6B) and MED (Fig. 6C), 
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where one quadrant is usually significantly different than other quadrants on both 
surfaces.  
 
 
Fig. 5. Gender comparison in 1 month and 6 month age groups. (A) IDI is significantly 
different between male and female bone samples in the 1 month age group on the transverse 
surface, while 6 month bone samples do not show any significant difference between males 
and females   	. 	
. (B) Stiffness values for male bone samples are higher than female 
bone samples in the 1 month age group on the longitudinal surface, while the opposite is true 
for the transverse surface. In the 6 month age group, male bone samples and female bone 
samples are significantly different on the transverse surface only. (C) Male bone samples 
show significantly higher MED values on the transverse surface compared to female bone 
samples, while no significant difference is observed in the 6 month age group. Error bars 
denote standard error. 
 
In 6 month bone samples, however, different anatomical positions 
generally do not show significant difference for IDI (Fig. 7A), stiffness (Fig. 7B), 
or MED (Fig. 7C). The only significant difference is between transverse MED 
values on the posterior and anterior quadrants. This is also the case for the 14.5 
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month age group (Fig. 8), where no significant difference is seen across any 
value. In 24 month bone samples, stiffness values show significant difference on 
both longitudinal and transverse surfaces (Fig. 9B). MED values also show 
significant difference across anatomical position on the longitudinal surface for 
this age group (Fig. 9C). However, the IDI for the 24 month age group is not 
significantly different between various anatomical positions (Fig. 9A).  
 
 
Fig. 6. Variations in IDI, stiffness, and MED in the 1 month age group. (A) On the 
longitudinal surface, IDI is significantly different in the anterior quadrant, while the lateral 
quadrant is significantly different on the transverse surface. Similarly, stiffness (B) and 
MED (C) show significantly different values on one particular quadrant. Error bars denote 
standard error. 
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Fig. 7. Changes in IDI (A), stiffness (B), and MED (C) in the 6 month age group across 
various anatomical positions. Generally, no significant difference is observed across different 
quadrants. Error bars denote standard error. 
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Fig. 8. IDI (A), stiffness (B), and MED (C) values across different anatomical positions in the 
14.5 month age group. Similar to the 6 month age group, no significant difference is seen 
across different anatomical positions. Error bars denote standard error. 
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Fig. 9. Variations in anatomical position in the 24 month age group. (A) IDI does not show 
significant difference across anatomical position. (B) Stiffness values across anatomical 
position are significantly different on both longitudinal and transverse surfaces. (C) MED 
values are only significantly different on the longitudinal surface. Error bars denote 
standard error. 
 
3.2 SEM IMAGING 
SEM images were obtained from the same samples that were used for 
microindentation. Attempts were made to identify indents, but they were only 
visible on the 1 month bone samples. Fig. 10 shows the surface of a 1 month bone 
sample. The surface shows numerous cavities which appear to be resorption sites, 
but no osteons are visible in this age group. 
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A  B 
 
 
C D 
  
Fig. 10. SEM images of 1 month bone sample. Anterior (A), medial (C), and lateral (D) 
quadrants of 1 month male sample contains very few, if any, osteons. (B) Magnified 
image of an indentation made by the BioDent™. Microcracks are created on the surface 
and propagate in the transverse direction. 
 
However, in the 6, 14.5, and 24 month age groups, osteon formation is 
clearly visible (Figs. 11-13). Interestingly, all samples showed significantly more 
osteon formation in the posterior and lateral quadrants. Also, there is not much 
difference between the 6, 14.5, and 24 month age groups in terms of the surface 
fraction of osteons.  
100 µm 
400 µm 
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A B 
 
Fig. 11. SEM images of 6 month bone samples. Both lateral (A) and posterior (B) quadrants 
show clear signs of osteon formation. Darker regions represent less mineralization. 
 
A B 
 
Fig. 12. SEM images of 14.5 month bone samples. The presence of osteons is clearly visible 
in the 14.5 age group, similar to 6 month bone samples. Again, osteons are mostly present 
in the lateral (A) and posterior (B) quadrants. 
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Fig. 13. SEM images of 24 month bone samples. More osteons are observed in the lateral 
(A) and posterior (B) quadrants as compared to the anterior and medial quadrants.  
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CHAPTER 4: DISCUSSION 
 In this study, a novel indentation technique is used to investigate fracture 
properties and damage behavior of cortical bone. This technique, coined as the 
reference point indentation (RPI) technique, involves repetitive indentations onto 
the surface of bone using a micro-scale indenter within a cannulated reference 
probe [56]. Various techniques have been used in the past to measure fracture 
properties, including compact tension [58, 59], single-edged notched beam [17], 
and chevron-notched beam [60]. These studies have only reported macroscale 
toughness of bone. Another important limitation of these techniques relates to the 
fact that they employ linear elastic fracture mechanics (LEFM). Yang et al. [61] 
showed that size limitations in human cortical bone cast doubt on the accuracy of 
fracture toughness measurements using LEFM. As such, Zioupos et al. [17] 
suggested that future studies will transition to measurement of microscale 
toughness of bone. To the authors’ knowledge, very few studies have used 
indentation to determine fracture properties of bone. In one such study, Mullins et 
al. [62] utilized indentation fracture to ultimately measure R-curves by initiating 
cracks via a cube corner indenter tip. However, Kruzic and Ritchie [63] disputed 
the validity of this study due to the use of formulations that were originally 
intended for Vickers indents, not cube corner indent geometry. In fact, Kruzic et 
al. [64] reviewed a number of classical indentation methods used for biomaterials 
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and hard tissues, including Vickers indentation fracture (VIF) test, the cube corner 
indentation fracture (CCIF) test, the Vickers crack opening displacement (VCOD) 
test, and the interface indentation fracture (IIF) test, and cautioned against the use 
of these methods to determine fracture toughness. Another important limitation of 
previous techniques is that bone samples must be extracted from the source 
patient and tested in vitro. In this research, we employ the novel RPI technique 
via the BioDent™ instrument. The BioDent™ can be used to assess fracture 
properties of bone in vivo [57]. To the authors’ best knowledge, such in vivo 
fracture testing capabilities are unique to the BioDent™.  
 The IDI is a unique parameter obtained from the RPI technique. It is a 
measure of damage induced by successive loading [54]. Our SEM results clearly 
verify such damage in the form of microcracks (refer to SEM indentation image). 
Hansma et al. [54] used several model systems to show that bone samples with 
higher IDI are more easily fractured. Also, Diez-Perez et al. [57] reported a 
Pearson correlation coefficient of -0.904 between crack growth toughness and IDI 
for cadaveric bone from human donors ranging from 17 to 74 years of age. This 
significant negative correlation implies that the method of successive indentation 
on bone closely mimics crack growth toughness. Also, it has been shown that 
amongst several parameters including elastic modulus, hardness, and energy 
dissipation, IDI is the best parameter to distinguish between the bone of patients 
with and without fracture history [54, 57].  
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 In the current study, variations between four major parameters were 
investigated, including age, loading orientation (transverse surface vs. 
longitudinal surface), anatomical position within the femur, and gender. The age 
groups used in this study are ages at which bone experiences rapid growth and is 
still maturing. Thus, it is expected that increased bone formation will lead to 
enhanced fracture properties. The decrease in IDI with age on both transverse and 
longitudinal surfaces validates this hypothesis, and is consistent with the increase 
in crack growth toughness as reported by Diez-Perez et al. [57].  
Fracture toughening mechanisms in bone, which include intrinsic and 
extrinsic mechanisms [65], can be used to further explain this correlation between 
IDI and crack growth toughness. Intrinsic mechanisms, which increase resistance 
to crack initiation and growth ahead of the crack tip, primarily operate at the sub-
micron level, while extrinsic mechanisms are mainly present at micro-length 
scales (above ~ 1µm) and act in the crack wake to increase resistance to crack 
propagation [4]. Osteons appear to be the main microstructural component in 
cortical bone that contribute to extrinsic toughening [66], effectively acting as 
barriers against crack propagation. Fig. 10B clearly shows microcracks forming 
and propagating in the transverse direction as a result of an indentation using the 
BioDent™, which implies that each indentation is inducing microcracks onto the 
bone surface. As such, it is plausible that very young bone lacking osteonal 
formation would exhibit lower fracture toughness values. Thus, the sharp drop in 
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IDI on the transverse surface between 1 month and 6 month age groups could be 
attributed to the lack of osteons in 1 month age groups, which is corroborated by 
our SEM images (Fig. 10). At this age, the bone is highly porous, and it is natural 
to anticipate high IDI values. SEM images from 6 month bone samples, however, 
show definitive signs of osteon formation and a large decrease in porosity (Fig. 
11). For 14.5 month (Fig. 12) and 24 month (Fig. 13) age groups, the bone 
microstructure loosely resembles the 6 month age group in terms of osteonal 
formation and organization As such, the IDI on the transverse surface follows this 
trend.  
Our results also show that IDI is lower on the transverse surface compared 
to the longitudinal surface in 6, 14.5, and 24 month age groups, which is 
consistent with the fact that bone is naturally designed to withstand higher forces 
in the longitudinal direction (i.e. on the transverse surface). This is in line with 
results obtained by Akkus et al. [67], who reported fracture toughness values of 
human femoral cortical bone to be almost two times larger in the transverse 
direction than the longitudinal direction. The 1 month age group does not follow 
this trend, but the difference between IDI on the transverse and longitudinal 
surfaces for this age group is not statistically significant. 
 Stiffness values in different age groups also verify this transversely 
isotropic behavior. For different age groups, the stiffness on the transverse surface 
- 26 - 

is consistently higher than on the longitudinal surface. For 24 month bone 
samples, the mean stiffness values on the transverse and longitudinal surfaces are 
0.	 and 0.	 respectively, indicating a ratio of 1.29. Orias et al. 
[58] reported elastic anisotropy ratios  to be between 1.25 and 1.50 in 
the mid-diaphysis region, which is consistent with our results. Wang et al. [68] 
measured the elastic moduli of bovine cortical bone using nanoindentation, and 
reported a mean elastic modulus of 0.	 for osteons and .	 for 
interstitial lamellae in the longitudinal direction. They also reported a mean elastic 
modulus of .	 in the transverse direction, which represented an average 
value including both osteons and lamellae. This gives rise to a range of anisotropy 
ratios between 1.25-1.52, which includes our anisotropy ratio of 1.29. Since the 
test probe used in the BioDent™ is 375 µm in diameter and is larger than the 
average diameter of an osteon (200-300 µm), it is reasonable to assume that the 
test probe will generally indent both osteons and interstitial lamellae, which is 
verified by our results.  
 Mean energy dissipated (MED) is another parameter that can be measured 
using the RPI technique, and is defined by the area between the loading and 
unloading curves averaged from the third to the last indentation cycle. In the first 
two cycles, highly irregular energy dissipation values are usually observed which 
is why they are excluded from MED calculations [Active Life Scientific, private 
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communication]. It is expected that with increasing age, fracture and damage 
would decrease, and this is confirmed by the decrease in IDI. As such, it is 
reasonable to expect that this decrease in fracture would result in less energy 
expended, which is represented by MED. Our results verify that damage and 
fracture decrease with age, which can be interpreted as an increase in fracture 
toughness. Therefore, trends in MED values are consistent with trends in IDI 
values.  
 Our results showed that in the 6 month age group, no significant 
differences are seen between male and female bone samples. This can be 
explained by the fact that at the microscale, which is the same scale used by the 
BioDent™, bone structure and composition is essentially the same between males 
and females, and no significant differences have been observed. Thus, it is 
reasonable to expect that properties obtained at the micron level would not show 
significant difference between males and females. This is supported by Hoffler et 
al. [13] who reported no correlation between gender and lamellar-level elastic 
modulus. Hunt et al. [69] determined elastic moduli of human cortical bone in 
different orientations and anatomical positions, and they also reported no 
significant differences between males and females. Surprisingly, male and female 
bone samples show statistically significant difference in the 1 month age group. 
More 1 month bone samples need to tested in future work must be done to verify 
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this difference, and to possibly identify sources of microscale variations in bone 
structure and composition between males and females in this age group.  
 Our results indicated that significant differences in anatomical position 
were not consistent in different age groups. For example, 6 month and 14.5 month 
age groups show no significant difference in anatomical position, but 1 month and 
24 month age groups do exhibit significant differences in anatomical position. At 
higher ages, it is expected that osteonal formation rates will be different in various 
anatomical positions due to different loading behavior, which will in turn lead to 
inhomogeneity in fracture toughness values across different anatomical positions. 
For example, Orias et al. [70] demonstrated that elastic anisotropy varies 
significantly with anatomical position in the human femur. Our results show some 
signs of this trend, but are inconclusive. Our results exhibit large error bars, and 
one remedy might be to increase the number of indentations in each quadrant.   
 Our study has some limitations. Our results are limited to a specific 
animal, the swine, and a specific bone, the femur. While the use of animal models 
in bone studies is widely common, future work is necessary to determine the 
applicability of animal models to humans. Also, the number of age groups and 
samples are limited in this study, although statistically significant differences are 
observed with age.   
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CHAPTER 5: CONCLUSIONS 
In summary, we use a novel microindentation technique capable of in vivo 
testing to gain insight into fracture properties of bone. This technique uses 
progressive indentation onto the bone surface to create microcracks and measure 
the resistance of bone to fracture. A unique parameter, the IDI, is reported and 
used to extract information about fracture toughness of bone. Indentation 
measurements are combined with SEM images to gain a better understanding of 
the underlying mechanisms involved in the creation and propagation of 
microcracks. The significant trends observed in IDI are promising, and merit a 
more thorough study of bone fracture properties using the BioDent™ involving 
more age groups, more bone samples, and other bone types, i.e. the tibia.  
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